Inter-turn winding faults in five-phase ferrite-permanent magnet-assisted synchronous reluctance motors (fPMa-SynRMs) can lead to catastrophic consequences if not detected in a timely manner, since they can quickly progress into more severe short-circuit faults, such as coil-to-coil, phase-to-ground or phase-to-phase faults. This paper analyzes the feasibility of detecting such harmful faults in their early stage, with only one short-circuited turn, since there is a lack of works related to this topic in multi-phase fPMa-SynRMs. Two methods are tested for this purpose, the analysis of the spectral content of the zero-sequence voltage component (ZSVC) and the analysis of the stator current spectra, also known as motor current signature analysis (MCSA), which is a well-known fault diagnosis method. This paper compares the performance and sensitivity of both methods under different operating conditions. It is proven that inter-turn faults can be detected in the early stage, with the ZSVC providing more sensitivity than the MCSA method. It is also proven that the working conditions have little effect on the sensitivity of both methods. To conclude, this paper proposes two inter-turn fault indicators and the threshold values to detect such faults in the early stage, which are calculated from the spectral information of the ZSVC and the line currents.
Introduction
Rare-earth permanent magnets (PMs) allow for the design of electric machines with appealing features, including high power and torque density, high efficiency or low rotor inertia [1] . However, due to factors such as supply risk concerns or the price fluctuation of rare-earth materials [2] , the automotive sector is turning its interest towards machines requiring less rare-earth PMs or even to rare-earth-free electrical machines. Another possible strategy is to use recycled PMs obtained from end-of-life products [3] . Synchronous reluctance machines (SynRMs) have interesting characteristics for automotive applications, including high power and torque densities, due to the extra torque they produce due to the reluctance component [4] , which adds to the alignment torque. To boost the features of SynRMs, they can also include ferrite-PMs, thus obtaining ferrite-PM-assisted SynRMs (fPMa-SynRMs), which are competing with PM synchronous machines and asynchronous machines [5] [6] [7] in several applications demanding high power density, high efficiency, overloading capability or a wide constant-power speed range [8] . Despite the relatively low magnetic properties when compared with rare-earth based magnets, ferrite PMs have several advantages, including their abundancy and low-cost. It is a recognized fact that fPMa-SynRMs offer higher reluctance torque compared to interior-PM motors (IPM), because fPMa-SynRMs require less PM volume than IPMs, since the main contribution to the total torque is the reluctance component [6] . However, the reluctance torque generates higher This work focuses on the detection of inter-turn faults in five-phase fPMa-SynRMs by analyzing the spectra of the line currents and the ZSVC, which allows for a straightforward and powerful application of an on-line fault diagnosis approach. To gain understanding in such a topic, the finite element method (FEM) has been used to analyze the effects of such faults, because it is a recognized means for this purpose [28] .
To the best of our knowledge, although the are several works dealing with the on-line detection of inter-turn faults in different machine types such as induction motors [29] , switched reluctance machines [30] , brushless DC machines [31] or PM synchronous motors [13] , among others, there are virtually no works dealing with the on-line detection of inter-turn faults in synchronous reluctance machines, thus this work contributing in this area, and specifically in the area of fault diagnosis in multi-phase machines, in which the research done is even less. Results presented when dealing with only one shorted turn, show the feasibility of the proposed strategy to perform a very fast detection of inter-turn faults in the very early stage. It must be pointed out that nowadays there is a great interest in fPMa-SynRMs, in particular for propulsion machines for electromobility applications. However, due to the specific topology of fPMa-SynRMs, the detection of inter-turn faults can be an issue in these machines, and thus, the paper shows that by analyzing specific operating conditions, an early fault detection can be eased. This work also discusses the calculation of very fast fault indicators to detect early inter-turn faults in five-phase fPMa-SynRMs, this being another contribution of this paper. This paper is organized as follows. Section 2 details the features and the topology of the analyzed fPMa-SynRM. Section 3 develops the FEM model used to analyze the machine and validates this model by means of experimental data. Section 4 develops the detection approaches based on the line currents and the ZSVC, whereas Section 5 shows all of the results attained. Section 6 develops the fault indicators used to detect incipient inter-turn faults, and finally, Section 7 draws the conclusions of this research work. Table 1 summarizes the characteristics of the fPMa-SynRM dealt with in this work. d-axis inductance (Ld, mH) 59.7 under no current (i d = i q = 0) 15.9 under maximum current (i d = i line,rated,peak,1 , i q = 0) q-axis inductance (Lq, mH) 15.2 under no current (i d = i q = 0) 11.8 under maximum current (i d = 0, i q = i line,rated,peak,1 ) i line,rated,peak,1 refers to the rated peak value of the fundamental harmonic of the line current.
The Analyzed fPMa-SynRM
Energies 2019, 12, 2733 4 of 15 In order to limit the harmful effects of inter-turn faults, the fPMa-SynRM was designed to be fault-tolerant. To this end, it combines a low current design (4 A) and a winding type, in which each stator slot accommodates 60 conductors of the same phase, thus providing large inductances and electrical insulation among the different phases, as shown in Figure 1 . However, the winding topology can notoriously influence the spectral composition of the back electromotive force (back-emf ) and the magnetomotive force (mmf ), and thus, such effects can be seen in the spectra of the ZSVC and the line currents [28] .
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Validation of the FEM Model
This section validates the FEM model of the fPMa-SynRM by using experimental results. Once the FEM model has been built, the next step is to compare the experimental data with the results provided by the FEM model. Table 2 summarizes the main parameters of the FEM model build with the Altair Flux 2018 software package. Magnetic transient simulations (setting the initial rotor speed, the constant control angle α,) require about 72 h using an Intel ® Core™ i9-7940X CPU @ 3.10 GHz with 64 GB RAM memory. Figure 2 shows the fPMa-SynRM machine and the mesh of the FEM model. where θ is the actual rotor position (d-axis) with respect to the reference phase a. The current angle αЄ (0°, 90°) is obtained as α = arctg (iq/id).
This section validates the FEM model of the fPMa-SynRM by using experimental results. Once the FEM model has been built, the next step is to compare the experimental data with the results provided by the FEM model. Table 2 summarizes the main parameters of the FEM model build with the Altair Flux 2018 software package. Magnetic transient simulations (setting the initial rotor speed, the constant control angle α,) require about 72 h using an Intel ® Core™ i9-7940X CPU @ 3.10 GHz with 64 GB RAM memory. Figure 2 shows the fPMa-SynRM machine and the mesh of the FEM model. In order to validate the FEM model, the machine shown in Figure 2a was tested at a constant speed of 1000 rev/min when working as a generator under no-load conditions. This condition was attained by connecting the analyzed fPMa-SynRM to a permanent magnet synchronous machine acting as a motor, as shown in Figure 3b . The analyzed fPMa-SynRM allows short-circuiting of one of the poles of phase a, as shown in Figure 3a . In order to validate the FEM model, the machine shown in Figure 2a was tested at a constant speed of 1000 rev/min when working as a generator under no-load conditions. This condition was attained by connecting the analyzed fPMa-SynRM to a permanent magnet synchronous machine acting as a motor, as shown in Figure 3b . The analyzed fPMa-SynRM allows short-circuiting of one of the poles of phase a, as shown in Figure 3a . The comparison between experimental and FEM results when the analyzed fPMa-SynRM operates under both healthy and faulty conditions (short-circuiting one pole of one of the phases), allows us to conclude that the FEM results are in good agreement with the experiments, although there are some minor differences. These differences can be attributed to different causes, such as small differences in the magnetization of the PMs in the real machine, or a slight asymmetry of the five windings due to end-coil effects in the real machine.
The experimental emf was acquired by means of a digital oscilloscope (Tektronix MDO3024 200 MHz 2.5 GS/s; Tektronix, Beaverton, OR, USA) connected to voltage probes (Tektronix TPP0250 250 MHz; Tektronix, Beaverton, OR, USA).
Detection of Inter-Turn Faults in fPMa-SynRMs by Analyzing the Spectra of the Stator Currents and the ZSVC
Inter-turn short-circuits are probably the most potentially critical faults in alternating current machines, since they can cause irreversible damage to the motor. Inter-turn short-circuit faults rapidly develop into more severe faults if not detected in the early stage, because they can progress fast into more severe short-circuit faults, such as coil-to-coil, phase-to-ground or phase-to-phase faults.
It has been proven that the magnitude of the circulating current within the shorted turns depends on several factors, including the number of shorted turns and the speed of the machine. It The comparison between experimental and FEM results when the analyzed fPMa-SynRM operates under both healthy and faulty conditions (short-circuiting one pole of one of the phases), allows us to conclude that the FEM results are in good agreement with the experiments, although there are some minor differences. These differences can be attributed to different causes, such as small differences in the magnetization of the PMs in the real machine, or a slight asymmetry of the five windings due to end-coil effects in the real machine.
Inter-turn short-circuits are probably the most potentially critical faults in alternating current machines, since they can cause irreversible damage to the motor. Inter-turn short-circuit faults rapidly develop into more severe faults if not detected in the early stage, because they can progress fast into more severe short-circuit faults, such as coil-to-coil, phase-to-ground or phase-to-phase faults. It has been proven that the magnitude of the circulating current within the shorted turns depends on several factors, including the number of shorted turns and the speed of the machine. It has been shown previously that the circulating fault current within the shorted turns increases linearly with the speed of the machine [13] .
In this paper it is assumed that the fault condition can be detected from the comparison of a specific harmonic amplitude of the stator/line currents under healthy and faulty conditions [12] . By applying this approach, the harmonic frequencies leading to maximal differences between both conditions can be used to diagnose the state of the machine. It is worth noting that the speed drive supplying the fPMa-SynRM includes current sensors to measure the line currents, so they can also be used for fault diagnosis purposes.
As already explained, it has been proven that the speed drive that controls the machine can influence the amplitude of the harmonic components of the line currents, thus hindering the diagnosis based on this approach, which is a limitation of the MCSA. Therefore, the method based on the analysis of the harmonic content of the ZSVC is also analyzed in this paper.
To apply a fault diagnosis approach based on the ZSVC, it is a requisite to have access to the neutral or central point of the stator windings [28] , as shown in Figure 4 . It is worth noting that fault-tolerant drives usually provide access to the neutral point, since they usually include an additional branch of the inverter to substitute the failed phase [32, 33] . It has been shown previously that by connecting five identical resistors the ZSVC measured, as shown in Figure 4 , becomes independent of the speed drive [34] , i.e., any influence of the speed drive on the ZSVC is removed. has been shown previously that the circulating fault current within the shorted turns increases linearly with the speed of the machine [13] .
To apply a fault diagnosis approach based on the ZSVC, it is a requisite to have access to the neutral or central point of the stator windings [28] , as shown in Figure 4 . It is worth noting that faulttolerant drives usually provide access to the neutral point, since they usually include an additional branch of the inverter to substitute the failed phase [32, 33] . It has been shown previously that by connecting five identical resistors the ZSVC measured, as shown in Figure 4 The instantaneous zero-sequence voltage component (vZSVC) in a healthy, and thus symmetric, fPMa-SynRM measured between the center of the stator windings and the artificial neutral point, as displayed in Figure 4 , can be written as [34] : 
When the machine operates under the effects of inter-turn faults, additional terms appear in Equation (3) because of the circulating fault current if (expressed as an instantaneous value), through the shorted turns, thus resulting in [13] : The instantaneous zero-sequence voltage component (v ZSVC ) in a healthy, and thus symmetric, fPMa-SynRM measured between the center of the stator windings and the artificial neutral point, as displayed in Figure 4 , can be written as [34] :
where λ PM is the instantaneous value of the zero-sequence component of the magnetic flux due to the PMs [34] : 
When the machine operates under the effects of inter-turn faults, additional terms appear in Equation (3) because of the circulating fault current i f (expressed as an instantaneous value), through the shorted turns, thus resulting in [13] :
where k 1 and k 2 are parameters which depend on the self-and mutual-inductances of the stator windings and the number of shorted turns. In a previous work analyzing three-phase PMSMs, it is reported that the most relevant harmonic frequencies of the ZSVC when used to distinguish between faulty (inter-turn faults) and healthy machines, are the odd harmonics which are not multiples of three, the first harmonic being the most discriminant [13] . Therefore, it is expected that when dealing with five-phase fPMa-SynRMs, the harmonics used for analysis should be the odd harmonics which are not multiples of five, and specifically, the first odd harmonic frequencies.
Results
This section presents the results obtained by means of the FEM simulations considering two cases, i.e., when the machine operates under healthy and faulty conditions. The faulty condition is simulated as only one short-circuited turn in one of the phases, since the purpose of the paper is to detect early inter-turn faults, as shown in Figure 1c . The FEM model dealt with is described in detail in Section 3. FEM simulations are based on a sampling frequency of 100 kHz, thus having 200 samples per electrical period. Twenty full periods are simulated, which are repeated to obtain a total of 2000 periods for further post processing.
The following subsections present the results attained under rated conditions, i.e., when the saturation effects were non-negligible, and under low-load conditions, when the saturation effects were negligible. This was done to evaluate if the operating conditions affected the performance of the proposed approach.
The Analyzed Machine Operating under Low-Load Conditions
This section conducts a first analysis focused on detecting incipient inter-turn faults when the machine operates under low-saturation conditions. To this end, the fPMa-SynRM was analyzed when operating at 130 V RMS , 0.7 A RMS and 5000 rev/min, with a current angle of α = 30 • , assuming that the d-axis corresponds to 0 • and the q-axis to 90 • . Therefore, i d = i line,peak,1 ·cos30 • and i q = i line,peak,1 ·sin30 • , where i line,peak,1 refers to the peak value of the fundamental harmonic of the line current. This operating condition corresponds to 17.5% of the rated current, thus producing low magnetic saturation in the segments of the rotor. Figure 5 summarizes the results obtained by analyzing the spectral content of the line currents and the ZSVC. d-axis corresponds to 0° and the q-axis to 90°. Therefore, id = iline,peak,1·cos30° and iq = iline,peak,1·sin30°, where iline,peak,1 refers to the peak value of the fundamental harmonic of the line current. This operating condition corresponds to 17.5% of the rated current, thus producing low magnetic saturation in the segments of the rotor. Figure 5 summarizes the results obtained by analyzing the spectral content of the line currents and the ZSVC. Under low-load conditions, due to the small line currents, the rotor segments are almost not saturated, so the reluctance of the rotor path is also low. When the motor is positioned close to the d-axis, there is very little influence on the PMs, and thus, the reluctance of the rotor path is much lower than that of the air gap.
The results presented in Figure 5a show that the only appreciable change in the harmonic content of the line currents between a healthy and a faulty machine is in the fifth harmonic, which can be attributed to the unbalance of the line currents, with this effect being induced by the shorted turn.
From the analysis of the spectral content of the ZSVC (see Figure 5b ) it can be deduced that different harmonics appear due to the shorted turn, specifically the odd harmonics which are not multiples of five, thus facilitating the detection of such damaging faults.
It should be noted that both the stator currents and ZSVC spectra are normalized with respect to the maximum value of the respective waveforms, that is, the amplitude or peak value of the fundamental harmonic can be written as follows:
ZSVC(dB) = 20 log 10 (v ZSVC,FFT /v ZSVC,FFT,1 )
where i FFT and v ZSVC,FFT are the spectral data of the line currents and the v ZSVC provided by the fast Fourier transform (FFT) algorithm, respectively, and i FFT,1 and v ZSVC,FFT,1 are the amplitudes of the fundamental harmonics of the line currents and v ZSVC , respectively. In order to check a different operating condition, the next section analyzes the fPMa-SynRM under operating conditions in which the rotor segments are more saturated, i.e., under rated conditions.
The Analyzed Machine Operating under Rated Conditions
This section conducts a first analysis focused on detecting incipient inter-turn faults when the machine operates under rated conditions. According to the data provided in Table 1 , the rated current and voltage are 4 A RMS and 240 V RMS , respectively, thus resulting in a rated power of 3.5 kW at 5000 rev/min. It should be noted that the current angle is 65 • , assuming that the d-axis corresponds to 0 • and the q-axis to 90 • . This operating condition is defined by i d = i line,rated,peak,1 ·cos65 • and i q = i line,rated,peak,1 ·sin65 • , where i line,rated,peak,1 refers to the rated peak value of the fundamental harmonic of the line current. Figure 6 summarizes the results attained under these operating conditions for both the line currents and the ZSVC.
This section conducts a first analysis focused on detecting incipient inter-turn faults when the machine operates under rated conditions. According to the data provided in Table 1 , the rated current and voltage are 4 ARMS and 240 VRMS, respectively, thus resulting in a rated power of 3.5 kW at 5000 rev/min. It should be noted that the current angle is 65°, assuming that the d-axis corresponds to 0° and the q-axis to 90°. This operating condition is defined by id = iline,rated,peak,1·cos65° and iq = iline,rated,peak,1·sin65°, where iline,rated,peak,1 refers to the rated peak value of the fundamental harmonic of the line current. Figure 6 summarizes the results attained under these operating conditions for both the line currents and the ZSVC. The results presented in Figure 6a show that, similar to the results obtained under low-saturation conditions, the fifth harmonic of the line current appears in the faulty machine due to the unbalance of the line currents produced by the inter-turn fault.
Once again, when analyzing the spectral content of the ZSVC of the faulty machine, different new harmonic frequencies appear when compared with the healthy one, in particular the odd harmonic frequencies which are not multiples of five, as occurred under the low-load conditions.
The results summarized in Figures 5b and 6b prove a superior discrimination potential of the diagnosis method based on the analysis of the spectral content of the ZSVC. Such figures also indicate the presence of the odd harmonics in the ZSVC spectrum of the faulty machine. Such harmonics emerge because the voltage of the neutral point oscillates at 500 Hz due to the fault condition, i.e., the electrical frequency, as shown in Figure 7 . The results presented in Figure 6a show that, similar to the results obtained under low-saturation conditions, the fifth harmonic of the line current appears in the faulty machine due to the unbalance of the line currents produced by the inter-turn fault.
The results summarized in Figures 5b and 6b prove a superior discrimination potential of the diagnosis method based on the analysis of the spectral content of the ZSVC. Such figures also indicate the presence of the odd harmonics in the ZSVC spectrum of the faulty machine. Such harmonics emerge because the voltage of the neutral point oscillates at 500 Hz due to the fault condition, i.e., the electrical frequency, as shown in Figure 7 . 
Summary of the Results Obtained
The next tables summarize the results obtained in the previous subsections for a better interpretation. Tables 3 and 4 highlight the most favorable conditions (gray shades) and harmonics (bold letters) to diagnose a faulty condition. It can be noted that when analyzing the spectrum of the ZSVC it is also possible to analyze the odd harmonics which are not multiples of five, i.e., the third, seventh, ninth, eleventh or thirteenth, among others. 
The next tables summarize the results obtained in the previous subsections for a better interpretation. Tables 3 and 4 highlight the most favorable conditions (gray shades) and harmonics (bold letters) to diagnose a faulty condition. It can be noted that when analyzing the spectrum of the ZSVC it is also possible to analyze the odd harmonics which are not multiples of five, i.e., the third, seventh, ninth, eleventh or thirteenth, among others. In summary, it is suggested to analyze the fifth harmonic of the line current and the odd harmonics of the ZSVC spectrum. Is should be noted that the diagnosis approach based on the analysis of the harmonic content of the ZSVC shows improved sensitivity when compared with that of the line currents, since when analyzing the ZSVC the fault harmonics present higher relative amplitudes than those of the line currents.
Indicators to Diagnose Early Inter-Turn Faults
The results presented in Section 5 allow for the proposal of a fault diagnosis strategy to detect early inter-turn faults in multi-phase fPMa-SynRMs. To this end, this section proposes two fault indicators which are based on the analysis of the spectral content of the line currents and the ZSVC, respectively. The calculation process of such indicators is shown in Figure 8 .
Both fault indicators shown in Figure 8 can be used to diagnose the health status of the machine. It is also possible to only use the fault indicator based on the ZSVC, since it provides more sensitivity. These fault indicators are based on the amplitude difference between two harmonics of the line currents or the ZSVC, therefore providing more discriminating power as seen in Tables 3 and 4 , respectively.
Data acquisition
Acquire the instantaneous values of the line currents (ia, ib, ic, id, ie) and the ZSVC (vZSVC) This method can be used to apply an on-line fault detection approach, because both the line currents and the ZSVC can be acquired in real-time, to further calculate the FFT of the line current and ZSVC signals, which is very fast since it requires about 1.2 ms with an Intel ® Core™ i9-7940X CPU @ 3.10 GHz with 64 GB RAM.
Fault indicator calculation

Conclusions
Inter-turn winding faults are of great concern in electrical machines, and especially in PM machines, since while rotating, the induction effect generated by the PMs aggravates the consequences of such faults. This work studied a method to detect inter-turn faults in five-phase fPMa-SynRMs in their early stage by analyzing the spectral content of the line currents and the ZSVC under different operating conditions. It has been proven that it is feasible to detect such faults in the This method can be used to apply an on-line fault detection approach, because both the line currents and the ZSVC can be acquired in real-time, to further calculate the FFT of the line current and ZSVC signals, which is very fast since it requires about 1.2 ms with an Intel ® Core™ i9-7940X CPU @ 3.10 GHz with 64 GB RAM.
Inter-turn winding faults are of great concern in electrical machines, and especially in PM machines, since while rotating, the induction effect generated by the PMs aggravates the consequences of such faults. This work studied a method to detect inter-turn faults in five-phase fPMa-SynRMs in their early stage by analyzing the spectral content of the line currents and the ZSVC under different operating conditions. It has been proven that it is feasible to detect such faults in the early stage using both methods, although the detection method based on the spectral content of the ZSVC is more versatile and provides improved sensitivity when compared with the method based on the spectrum of the line currents. The results presented in this paper show that inter-turn faults generate a fifth harmonic in the line currents and odd harmonic frequencies in the spectrum of the ZSVC. The results presented also prove that the operating conditions have little impact on the sensitivity of both methods. This paper has also proposed two simple and fast-to-calculate inter-turn fault indicators that are compatible with an on-line detection fault diagnosis approach. They are based on comparing the amplitudes of the fifth harmonic of the line currents and the first harmonic of the ZSVC against a threshold value.
The results of this research work may be appropriate to develop advanced fault diagnosis approaches for multi-phase fPMa-SynRMs, which can be applied for automotive applications, among others. 
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